Abstract Unexpected changes during gait challenge elderly individuals to a greater degree than young adults. However, the adaptive potential of elderly seems to be retained, and therefore, the training of the mechanisms of dynamic stability as well as muscle strength training may improve the dynamic stability after unexpected perturbations. Thirty-eight subjects (65-75 years) participated in the study, divided into two experimental groups (stability training group, ST, n014 and mixed training group, MT, n014) and a control group (CG, n010). Both experimental groups performed exercises which focused on the mechanisms of dynamic stability. Additionally, the MT group executed a training to improve muscle strength. Session volume and duration were equal for both groups (14 weeks, twice a week,~1.5 h per session). Pre-and post-intervention, subjects performed a gait protocol with an induced unexpected perturbation. Post-intervention, the margin of stability was significantly increased after the unexpected perturbation in the ST group, indicating an improvement in stability state (pre, −30.3 ± 5.9 cm; post, −24.1 ± 5.2 cm). Further, both intervention groups increased their base of support after the intervention to regain balance after gait perturbation, whereas only the ST group showed a statistically significant improvement (ST pre , 90.9± 6.6 cm, ST post , 98.2±8.5 cm; MT pre , 91.4±6.2 cm; MT post , 97.9±12.7 cm). The CG showed no differences between pre-and post-measurements. The exercise of the mechanisms of dynamic stability led to a better application of these mechanisms after an unexpected perturbation during gait. We suggest that the repeated exercise of the mechanisms of dynamic stability contributes to significant improvements in postural stability. Additional strength training for healthy elderly individuals, however, shows no further effect on the ability to recover balance after unexpected perturbations during gait.
whereas postural stability constitutes the required ability to maintain equilibrium under various static and dynamic conditions (Horak 2006; Shumway-Cook and Woollacott 2006) . Individuals have increasing problems with balance and tend to fall more often as they grow older (Lord et al. 1993) . Therefore, fall-related injuries in the elderly population are an important economic as well as social problem (Blake et al. 1988; Tinetti et al. 1988; Etman et al. 2012) . In Germany, for example, hip fractures of nursing home residents are estimated to cost about 8,160 Euros each, and the overall costs of falls amongst the elderly account for about 2.1-3.4 billion Euros per year (Heinrich et al. 2012 ).
There are several factors which contribute to an increased fall risk in the elderly population; one of those factors is the experience of unexpected perturbations. Elderly individuals are less able to handle sudden, unexpected changes (Pijnappels et al. 2005 ; Karamanidis and Arampatzis 2007; Bierbaum et al. 2010) . Reasons for the decreased ability to recover balance are the age-related reduction in muscle strength and tendon stiffness (Grabiner et al. 2005 ; Karamanidis et al. 2008) , the delayed generation of propulsive ground reaction forces and joint torques (Robinovitch et al. 2002; Pijnappels et al. 2005; Tseng et al. 2009) , and the lower muscular contraction velocities (Hortobágyi et al. 1995; Thelen et al. 1997) . If the postural system is unstable, stepping strategies seem to be less successful for the elderly due to reductions in step length and speed (Wojcik et al. 2001; Karamanidis et al. 2008; Bierbaum et al. 2010) . Furthermore, decreased recovery performance is attributed to deficits in the application of the mechanisms of dynamic stability .
However, the control of dynamic stability during locomotion is not a fixed process, but it can adapt to different situations and be modified through exercise. Earlier studies have shown that elderly participants are able to adapt to repeated locomotor perturbations in a predictive as well as in a reactive manner (Bhatt et al. 2006; Heiden et al. 2006; Bierbaum et al. 2010 Bierbaum et al. , 2011 ). These studies demonstrate that locomotor adaptability is still preserved in the elderly. However, although the predictive adjustments of the elderly participants during gait are similar to that of younger ones (Bierbaum et al. 2010) , elderly participants showed a somewhat lower adaptive reactive potential after unexpected perturbations . Therefore, we conclude that the main deficits of stability performance in elderly are the reactive responses after unexpected perturbations during walking (Pijnappels et al. 2005; Bierbaum et al. 2010 Bierbaum et al. , 2011 . The adaptation potential of the old adults is very important in fall prevention because adequate interventions, aiming to improve the stability performance in the elderly population, may reduce the risk of falls. From a practical point of view, it is impossible for individuals to identify and practice all possible specific perturbations which could lead to falls during daily life. Therefore, it is important to identify underlying mechanisms of dynamic stability which are relevant for the maintenance of the postural stability after gait perturbations. A more general exercise intervention including those mechanisms could allow elderly people to apply the mechanisms in different situations and, therefore, help them to regain balance.
From a biomechanical point of view, there are three mechanisms responsible for maintaining postural stability after perturbations: (a) increase in the base of support, (b) counter-rotating segments around the center of mass (CoM), and (c) the application of an external force (not the ground reaction force) (Hof et al. 2005) . A recent publication of our group showed that exercise of the mechanisms responsible for dynamic stability increased the stability performance of elderly adults (~30 %) after a simulated forward fall. However, most falls in the elderly population happen during walking (Rubenstein 2006) . To the best of our knowledge, no systematic study has been performed to examine the effect of training of the mechanisms of dynamic stability on the recovery performance after an unexpected perturbation during walking in elderly adults. Therefore, elderly participants were trained with a training protocol of various exercise tasks, which integrated the mechanisms responsible for dynamic stability (see Arampatzis et al. 2011) . We hypothesized that the exercise of the mechanisms of dynamic stability would contribute to an improvement of the stability performance after an unexpected gait perturbation in the elderly, indicating a transfer of the intervention into diverse situations. However, systematic reviews about the impact of intervention programs on fall risk reveal that multifactorial programs are more effective to reduce the number of falls (Feder et al. 2000; Gillespie et al. 2010) . Muscle strength training has shown not only to increase muscle strength but also muscle power and the ability to neurally activate motor units (Hunter et al. 2004) . Therefore, we hypothesized that a combined intervention program including exercising the mechanisms of dynamic stability and exercising muscle strength would show a higher improvement in the recovery performance of older adults. Accordingly, the purpose of this study was to examine the effects of specifically exercising the mechanisms of dynamic stability on the ability of elderly adults to regain balance after unexpected perturbations during walking. Furthermore, we wanted to examine the additional effect of increased muscle strength.
Methods

Participants
We examined elderly, non-sport active adults, aged 65 to 75 years. Seventy-five healthy individuals gave their informed consent to the experimental procedure according to the rules of the Declaration of Helsinki. Exclusion criteria included serious neuromuscular or musculoskeletal impairments and any lower limb pain at the ankle, knee, or hip joint. Further exclusion criteria were: any medication during the study (e.g., against joint pain), any history of major trauma or major systemic diseases. Participants were randomly assigned to two experimental groups and one control group. Thirty-eight subjects finished the whole experimental design, whereas 14 participants were included in the stability training group (ST; 10 females and 4 males) and 14 in the mixed training group (MT; 10 females and 4 males). The control group consisted of ten persons (CG; five females and five males) and did not perform any exercise program (Fig. 1) .
Exercise program
Both intervention groups exercised twice a week, 1.5 h per session for 14 weeks. The ST group performed exercise tasks including mechanisms of dynamic stability. The MT group also performed such exercises, but additionally accomplished a strength training program for the lower extremities.
Exercise tasks for the training of dynamic stability included two mechanisms of dynamic stability (i.e. increase of the base of support and counter-rotating segments around the center of mass; see also . The mechanism "increase of the base of support" was practiced with the following exercises: large and small, fast and slow, single and multiple steps in anterior-posterior and mediolateral direction in order to stabilize the body in different positions. Furthermore, participants were supposed to use large, compensatory steps to regain postural stability after perturbations. According to Maki and McIlroy (1997) , compensatory steps are characterized by their reactive nature, an absence of functional anticipatory control, early initiation and rapid execution, and possible adaptive changes in consequence of postural perturbations. The mechanism "counter-rotating segments around the center of mass" was included in the training of arm and leg movements (no compensatory steps) during standing and walking to maintain balance. Participants exercised on narrow support surfaces such as beams, thick ropes, or small bars, as well as on several compliant surfaces. Counterrotations were initiated by walking with a small base of support, hopping, or landing. Perturbations for the training of both mechanisms were induced by catching or throwing balls during standing or walking on a normal or constricted walkway, by external forces, and by the use of an unstable oscillatory platform on which the participants had to maintain postural stability in a oneor two-legged stance. The difficulty of all exercises was adapted to each individual's ability (see also ChodzkoZajko et al. 2009 ). The ST group performed those exercises including mechanisms of dynamic stability for 1.5 h and the MT group for about 45 min per session. For the remaining 45 min, the MT group performed strength exercises using strength training machines: knee extension and flexion, hip flexion, and ankle extension. The strength training included three sets of 10 to 15 repetitions at 50-70 % of their one-repetition maximum. The intervention program was always supervised by two experienced sport scientists.
Evaluation
A gait protocol on a gangway was performed before and after the 14 weeks of intervention. The gangway (12×0.6×0.2 m) included one exchangeable element (0.9×0.6×0.2 m), which was hidden by a cover sheet to be able to change the surface from hard to soft without the knowledge of the participants (Fig. 2 ). ) for the test of the dynamic stability. The walkway (a) included one covered, exchangeable element, which allowed changing the surface condition from hard to soft without the knowledge of the participants. Three valid gait trials on the hard surface formed the baseline and were followed by one unexpected soft surface trial (b). This soft trial was performed to induce reactive behavior. Analysis was made for the step prior to the perturbation and the step after the perturbation (c)
The soft element was made of foam with an upper surface consisting of relatively hard rubber material (depth00.8 cm). The deformation of the soft element during the walking trials was about 10 cm in depth for all groups, whereas the force deformation characteristic was nonlinear. The hard element consisted of the same material as the gangway. To attain the target position of the right leg (middle of the exchangeable element), the participants were advised to walk in a predefined velocity throughout the experimental trials, whereas the practitioners adjusted the starting position if required. Trials with incorrect placement of the right foot were excluded from further analysis. A metaanalysis identified 1.13-1.33 m/s as an average velocity for persons aged 60-79 years (Bohannon and Andrews 2011) . Therefore, we chose 1.3 m/s as gait velocity to pretend a moderate gait speed for the participants. The target velocity was controlled by light barriers and a stick which moved 1.3 m/s in front of the subjects along the gangway. The participants were informed that something in the walkway might change, but they were not informed about the point of time and the type of the perturbation. After at least three valid gait trials on the hard surface (baseline), the participants experienced one unexpected soft surface trial. This trial was performed to detect feedback responses because up to this perturbation, the participants were used to the hard surface and had adjusted their behavior accordingly. Only one unexpected perturbation was analyzed due to the influence of expectations and predictive behavior on following trials (Bierbaum et al. 2010 Marigold and Patla 2002) .
Quantification of dynamic stability control
Kinematic data were recorded with the Vicon motion capture system (Model 624, Vicon, Oxford, UK) using 12 cameras operating at 120 Hz. The marker model contained 21 reflective markers (diameter, 14 mm), which were fixed at specified positions. The marker trajectories were smoothed out using a Woltring filter routine (Woltring 1986 ) with a noise level of 10 mm 2 . Segmental masses, the location of the segment centers of mass, and the center of mass were calculated by a custom-written Matlab model, based on the data reported by Dempster et al. (1959) .
Since we wanted to analyze the stability state during single steps, we used the "extrapolated center of mass" concept formulated by Hof et al. (2005) for the quantification of dynamic stability. This concept, based on the approach of Pai and Patton (1997) , is also applicable to disturbed movements. The margin of stability as a criterion for the state of postural stability of the human body was calculated as follows:
MoS indicates the margin of stability in the anterior-posterior direction, U max the anterior boundary of the base of support, and X CM the position of the extrapolated center of mass in the anterior-posterior direction (ðX CM ¼ P xCM þ ð V xCM ffi ffi g l p ÞÞ). P xCM is the horizontal (antero-posterior) component of the projection of the center of mass (CM) to the ground, V xCM is the horizontal CM velocity, and the term ffiffiffiffiffiffi ffi g l = p presents the eigenfrequency of a system of length l (inverted pendulum model). Margin of stability was analyzed only in the antero-posterior direction since the extrapolated center of mass shifts primarily in the anterior direction after the perturbation due to the increased velocity of the CM. MoS and the other components of dynamic stability are presented as the average values from touchdown of one leg to touchdown of the other leg to get a more representative stability state during walking. Mean dist labels the phase from touchdown left to touchdown of the disturbed, right leg and mean rec labels the phase from touchdown of the disturbed leg to touchdown of the recovery (left) leg.
For the investigation of the muscle strength of knee extensors (QF) and ankle flexors (TS), the participants performed maximum voluntary isometric contractions (MVIC) on a dynamometer (Biodex-System3, Biodex Medical Systems Inc., Shirley, NY, USA). Based on the torque-angle relation curve, the subjects performed the MIVC's near the optimal joint angle (i.e., plantar flexion MVIC, ankle angle, 85°; knee angle, 180°; knee extension MVIC, knee angle, 120°; hip angle, 110°), pre-and post-measurement. Resultant joint moments have been calculated according to a previously described method (Arampatzis et al. 2004 (Arampatzis et al. , 2005 . By the use of this method, the antagonistic moment and the displacement of the joint axis in relation to the dynamometer axis are taken into account. Because of technical problems, muscle strength values are preserved for 12 subjects of the ST group, 11 (QF) and 12 (TS) subjects of the MT group, and not for the control group.
A two-factor repeated-measures ANOVA with time (pre vs. post) as inter-subject variables and group as between-subject factors was used to examine the intervention effects on the analyzed dynamic stability parameters. Anthropometric data were analyzed by a one-way ANOVA and Bonferroni post hoc comparisons between the groups. The level of significance was set to α00.05.
Results
Age, body height, and body mass showed no differences between the three groups at the pre measurement. Furthermore, no difference between pre-and posttest was found for the body mass ( Table 1 ). The ST group showed no statistically significant differences in the pre/post-comparisons of the maximum ankle plantar flexion moment (TS) as well as maximum knee extension moment (QF) [QF, F(1, 11)00.159, p 00.698, part.η 2 00.014; TS, F(1, 11) 04.564, p 0 0.056, part.η 2 00.293]. The MT group, on the other hand, increased significantly [F(1, 10)032.582, p< 0.001, part.η 2 00.765] the maximum isometric knee extension moments after the intervention but not the maximum ankle plantar flexion moment [F(1, 11)0 1.089, p00.319, part.η 2 00.090; Table 1 ].
Baseline (unperturbed trials)
The gait velocity of the baseline trials showed a statistical significant main effect of time [F(1, 35)0 11.205, p00.002, part.η 2 00.243; Table 2 ]. A closer look reveals that only the CG showed a significant increased gait velocity in the post-measurement [follow-up F(1, 9) 011.205, p 00.009, part.η 2 00.555]. However, the slightly increased gait velocity (~2 %) in the post-measurement did not significantly affect (p> 0.05) the margin of stability and the components of dynamic stability in the pre/post-comparison (Table 2) . Therefore, no significant differences between pre-and post-test are observable in the remaining stability parameters for all groups.
Perturbed trial-last step prior to the perturbation In the time frame prior to the unexpected perturbation in the soft surface condition, the parameters of dynamic stability did not show any statistically significant differences between the pre-and post-measurements. This indicates a state of similar gait stability before and after the intervention for all groups in the unexpected trials (Table 3) .
Perturbed trial-first step after the perturbation
The repeated-measurements ANOVA showed a significant main effect of time [F(1, 32)08.046, p00.008, part.η 2 00.187] on the margin of stability at the step after the disturbance. A follow-up comparison revealed a significant increase in the margin of stability after the 14 weeks of training only in the ST group [F(1, 13)0 12.125, p00.004, part.η 2 00.483; Fig. 3 ]. The increase in the margin of stability in the mean rec time frame after the intervention can be explained by a significant increase in the post-intervention base of support at the step after the unexpected perturbation in comparison to the pre-measurements [main effect of Table 4 ]. The control group did not show any differences in the base of support before and after the 14 weeks [F(1, 9)00.593, p00.461, part.η 2 00.062]. All other parameters remained unaltered for all groups for the time course between touchdown of the disturbed leg and touchdown of the recovery leg.
Discussion
After 14 weeks of exercising the mechanisms of dynamic stability, both experimental groups achieved an average improvement of 18 % in their stability performance after an unexpected gait perturbation. This supports our first hypothesis. The reason for the improvement in the stability state after the perturbation in the post-experiment was a significant increase of the base of support, indicating the importance of this mechanism regarding fall prevention. However, the mixed-exercise intervention group (i.e., training of mechanisms of dynamic stability and muscle strength) did not show clear improvements in the stability state compared to the pre-intervention values, although the base of support after the unexpected perturbation showed a tendency for higher values in the postcondition. Therefore, the second hypothesis had to be rejected.
The rapid generation of high moments is an important factor for successful balance recovery after perturbations (Pijnappels et al. 2005; Hsiao-Wecksler and Robinovitch 2007; Karamanidis et al. 2008; Mademli et al. 2008) , and therefore, we expected the MT group to achieve higher improvements in the dynamic Table 2 Mean values of the stability parameters (mean ± SD) in the three examined groups before (pre) and after (post) the intervention in the last step before the exchangeable element (time frame between touchdown left and touchdown of the right leg, baseline (unperturbed trials) Table 3 Mean values of the stability parameters (mean ± SD) in the three examined groups before (pre) and after (post) the intervention in the last step before the perturbation (time frame between touchdown left and touchdown of the right, disturbed leg, soft surface trial) (2013) 35:1905-1915 stability in comparison to the ST group. The adequate generation of the hip moment seems to be a major contributor to successful balance recovery . Therefore, since the rectus femoris muscle as a knee extensor partially contributes to the hip moment, we assumed that the observed strength gain in the knee extensors via strength training (~13 %) should possibly be reflected in an increased generation of hip moment. However, this increase in the knee extensor moment did not further increase the post-intervention recovery performance of the MT group. Earlier studies reported a contribution of 30-40 % of muscle strength to the capacity to recover balance with a single step after a forward fall (Wojcik et al. 2001; Grabiner et al. 2005; Karamanidis et al. 2008) . Therefore, we suggest that the increase of 13 % of the knee extensor strength in our study is probably too low to achieve an improvement in the stability performance. A certain strength level is necessary to handle perturbations, but maximum leg strength appears not to be the critical factor. The main reason for the enhanced dynamic stability in simulated forward falls after an intervention period, for instance, was not the maximum joint moment but rather the ability to create a joint moment in an appropriate temporal framework . Regarding the expected difference between the two training groups, the "less-than-expected" development of the MT group in comparison to the ST group may be a consequence of the increased amount of training of the mechanisms of stability (1.5 h vs. 45 min) for the ST group. Beyond a certain strength level, seated-position strength training seems not to increase the performance in functional tasks such as the behavior after unexpected perturbations (Sherrington et al. 2008) . This means that alternative seated strength training for the lower extremities compensates not for the advantage of training the mechanisms of dynamic stability. However, as reduced muscle strength is an important risk factor for falls (Moreland et al. 2004) , strength training for the lower extremities still remains an important factor for individuals with muscle weakness (Chandler et al. 1998; Latham et al. 2004 ).
In the ST group, we found clear improvements in stability performance (~20 %) during the unexpected gait perturbation after the intervention, but without any changes in muscle strength. This finding is in accordance with our earlier results during simulated forward falls , indicating that exercising the mechanisms of dynamic stability may lead to upgraded neuromuscular coordination and may be sufficient to convey successful strategies for regaining balance after perturbations. Improved capacity of maximal and explosive force production, as well as better neuronal activation, was already found in earlier sensorimotor training studies (Granacher et al. 2007; Schubert et al. 2008) and was explained by increased intermuscular coordination. Further, the repeated application of the mechanisms of dynamic stability seems to facilitate the adequate use of those mechanisms even in unfamiliar situations in order to regain balance. This improvement may be ascribed to a shift from prefrontal activity to a subcortical circuit, involving the cerebellum and basal ganglia, accompanied by increased automatic performance (Floyer-Lea and Matthews 2004; Puttemans et al. 2005; Taube et al. 2007 ). Several exercise interventions have so far shown to be effective in reducing the risk of falls in older adults by means of balance, coordination, or strength training (for review see Gillespie et al. 2010) . Recently, especially perturbation-based training programs requiring reactive behavior show improvements in balance recovery (Granacher et al. 2011) . This is attributed to training specificity. However, our study was performed with the purpose of exercising specific mechanisms of dynamic stability, which are supposed to be fundamental to the regulation of postural stability. The participants did not exercise exact performance tasks, which were then measured, but were trained on exercises focusing on the underlying mechanisms of postural stability. Therefore, the intervention led to an improved application of the mechanisms of dynamic stability after a perturbation during walking, especially to an improved increase of the base of support. The performed perturbation during the measurements differed to the exercises applied in the training, indicating that the application of these mechanisms was transferable to a different situation.
However, we suggest that the imposed perturbation was relatively small because of the chosen gait velocity and the properties of the soft surface; higher effects may potentially be detected by applying more demanding tasks. Further, the demands of the ankle plantar flexion exercises for the MT group were possibly too low for a significant improvement of strength. Only one machine was available for the training of the ankle plantar flexors, and therefore, the participants had to exercise additionally with their own body weight which rather increased strength endurance. Ankle plantar flexion moment, however, is important during gait perturbations (Pijnappels et al. 2004 (Pijnappels et al. , 2005 , and an increase in this maximum moment could potentially support an increase in the base of support. The intervention groups showed no difference in their post values in both muscle groups (which may be caused by different initial strength conditions), but this does not affect the relevance of the performed training of the mechanisms of dynamic stability.
In conclusion, exercising the two mechanisms of dynamic stability (increase of base of support and counter-rotating segments around the center of mass) led to a better application of these mechanisms after an unexpected perturbation during gait. Significantly better postural stability after the intervention, though, was found only in the stability training group; the training group, which additionally exercised leg strength, did not show any further improvements. Therefore, we suggest that repeatedly exercising the mechanisms of dynamic stability contributes adequately to the accomplishment of improved dynamic stability, but that the performed additional strength training for healthy elderly individuals shows no further effect on the ability to recover balance after unexpected perturbations during gait.
